We have carried out a detailed study of the relevant process techniques by using high-pressure annealing in order to embed Cu interconnections flawlessly into via holes or trenches, and have thereby identified a process technique increase the reliability of electrical circuits. In the present study, Cu interconnections were subjected to heat treatment in a high-pressure argon gas atmosphere (150 MPa) with the prospect that such a process might lead to optimized conditions for creating the embedded Cu interconnection by preventing the occurrence of minute voids, improving the distribution of poly-crystalline orientation and improving the adhesive strength between Cu and TaN (barrier layers), thereby increasing the reliability of Cu interconnections and consequently improve the yield. This paper describes the effects of the high-pressure annealing process for dual damascene Cu interconnections in some detail.
Introduction
As ULSI devices shrink in size and high-level integration becomes more complex, the multi-layer structure has recently become a mainstream in semiconductor manufacturing technology. Cu also has been expected to replace Al alloys for ULSI interconnections because of its lower resistivity. [1] [2] [3] The dual-damascene fabrication process is presently recognized as a standard Cu interconnection technique, in which metallic barrier layers and Cu seed layers are deposited in that order on the inside walls of via holes or trenches using a sputtering method (physical vapour deposition; PVD), and Cu interconnections are then embedded into the via holes or trenches using an electrochemical deposition (ECD) method.
In the case of the dual damascene fabrication process, the filling performance of the Cu interconnections mainly depends on the surface profile of the seed layer and the ECD embedding ability. As the diameter of via holes becomes smaller, the embedding performance will decline. If the Cu interconnections are to be embedded in extremely minute via holes or trenches with a high aspect-ratio, the final condition of the embedded Cu interconnections can be subject to some flaws (contamination), i.e., pores and/or inclusions might occur inside the Cu interconnections. As ULSI devices shrink in size, they become more vulnerable to such flaws. 4) Minute voids that occur inside interconnections might bring about an increase in resistivity, breakages, and electro-migration (EM) of the interconnections. Therefore, perfect filling of the Cu interconnections might be an essential factor in enhancing the reliability of electrical circuits. [5] [6] [7] We have carried out a detailed study of the relevant process techniques by using high-pressure annealing in order to embed Cu interconnections flawlessly into via holes or trenches, and have thereby identified a process technique to increase the reliability of electrical circuits. There are already reported cases of applying high-pressure annealing to the embedding of plugs in Al interconnections. 8, 9) In the present study, Cu interconnections were subjected to heat treatment in a highpressure argon gas atmosphere with the prospect that such a process might lead to optimised conditions for creating embedded Cu interconnections by preventing the occurrence of minute voids, thereby increasing the reliability of Cu interconnections and consequently improving the yield. This paper describes the concept and effects of the high-pressure annealing process for dual damascene Cu interconnections in some detail.
Concept of the High-pressure Annealing Process
The HIP (hot isostatic pressing) technique was applied in developing the present high-pressure annealing process. Its basic concept is shown in Fig. 1 . This technique is generally used to pressure-treat materials by making use of synergy effects from high-pressure gas (100 to 1000 MPa) and high temperatures (600 to 3300 K). Because the technique is effective in eliminating residual pores in bulky materials, it is in general use to process various kinds of material.
In the high-pressure annealing process described here, the HIP technique was applied to the reflow process used for Cu interconnections. If the HIP technique can be applied to the dual damascene Cu interconnection process, it is expected that the following favourable results could be achieved for both the "extrusion mode" and the "high-pressure annealing mode" processes.
(1) Perfect filling of interconnections into via holes (2) Elimination of micro-voids (3) Improved adhesion of interconnections (4) Optimisation of crystal structures of interconnections
Experimental Procedure
Cu films deposited on Si wafers by PVD or ECD were used as test specimens. The PVD-Cu films were deposited after TaN barrier layers were formed by PVD with the thickness of 1606 T. Onishi and T. Yoshikawa 50 nm, and were subjected to both normal-and high-pressure annealing. The sputtering conditions were; the distance between the Cu target and the substrate; 55 mm, the Ar pressure; 0.25 Pa, the substrate temperature; room temperature, the discharging energy density; 3.2 × 10 4 W/m 2 (which corresponds to 5-6 nm/s). The ECD-Cu films were deposited by the usual electroplating method using the plating solutions composed of CuSO 4 .
The stress in these films was determined using the laser beam reflection method by measuring the change in substrate curvature during heating and cooling. 10) Their elastic constants were also calculated based on the stress data. The thermal elasticity and plasticity characteristics of these Cu films were analysed based on these elastic constants, especially around the via portion. In performing the analysis, the general-purpose FEM software "ABAQUS version 5.8" was used and various stress-and strain-related values were calculated using the finite-element method (FEM). The adhesive strength between the Cu and TaN films was evaluated by the scratch test.
The Cu films were also examined under secondary ion microscope (SIM), transmission electron micrograph (TEM), Xray diffraction (XRD), electron backscatter diffraction pattern (EBSP), backside secondary ion mass spectroscopy (SIMS), etc., to verify their characteristics. Figure 2 shows the stress changes during the ECD-Cu film heating and cooling process. The result is a typical stresstemperature curve for pure Cu films. During the heating process, the film stress changed linearly from tensile to compressive stress at temperatures up to 450 K; Cu films deform elastically in this temperature zone. When the temperature was increased above 450 K, the Cu film reached a yield stress point and the stress remained constant at temperatures higher than 450 K. On further heating, the film stress began to decrease from about 600 K. This result shows that the pure Cu films deform plastically at above 450 K. Figure 2 also shows the deformation mechanism map for Cu films that we prepared according to the mechanism for bulk Cu, as proposed by Frost and Ashby. 12) In preparing this map, we used the method developed by Thouless et al., taking into consideration the microstructure in the film state. 13 ) Figure 2 shows the results of calculations made on the assumption that the average diameter of crystal grains is 1 µm. This figure represents the most dominant mechanism that occurs to cause plastic deformation of an ECD-Cu film under specified temperature and stress conditions can be clarified. For instance, if a stress of 150 MPa is applied to an ECDCu film heated to 600 K, the ECD-Cu film deforms due to the core diffusion creep mechanism. By deforming ECD-Cu films into the inside of via holes at the aforementioned pressure and temperature, void-free Cu films can be obtained. Figure 3 shows the simulation model for the FEM calculation at the via portion. The dimensions of the Cu, SiO 2 , and Si were defined as shown in Fig. 3 . A two-dimensional, axial symmetric element model was used. Because the model is axial symmetric, the point of contact on an axis (x = 0) was defined as U x = 0 and U x was freed to allow it to become equal at all points of contact toward the perimeter in a radial direction. In making the calculations, the SiO 2 and Si were considered to be elastic bodies and the Cu was considered to be an elasto-plastic body. Values obtained from the stresstemperature curve shown in Fig. 2 were used as the physical constants for the Cu films. Figure 4 shows the results of calculations performed to verify the stress conditions of ECD-Cu films heated to 673 K, as well as the results of stress analysis performed on ECD-Cu films in the axial direction. Although specimens processed under normal pressure and under high pressure are shown in colour mapping of the same gradations, the values indicated by the specific colours are different. Although there is a trend whereby compression stress increases from the top opening to the bottom of the via holes, the values of the compression stress are different between the specimens. The maxi- process, and this hydrogen causes voids in the films, which causes the Cu to soften and therefore creates a favourable condition for reflow operations. It also confirms that the suitability of PVD-Cu films for reflow operations can increase if they are deposited in an atmosphere consisting of an Ar and H 2 mixture.
11)

Results and Discussion
Filling performance of Cu films
If the as-deposited Cu films were heated at normal pressure, they could scarcely be embedded. Although about 60% of the Cu would initially have been embedded, a siphoning phenomenon occurred and the embedded Cu was siphoned back out. This phenomenon was thought to be due to SM (stress migration) in the Cu, and therefore the residual stress in the Cu films at the completion of normal-pressure annealing (at the endpoint of heating/cooling process for room temperature to 700 K) was analysed. Figure 6 (a) shows the results of calculations made to verify the stress distribution of Cu films at the completion of normal-pressure annealing. The stress in the axial direction shows that tensile stress was applied to the via portion, i.e., tensile stress was concentrated on the edge of the via opening. The MISES equivalent stress (equivalent to shearing stress) also shows that there is a region directly below the via opening where the MISES equivalent stress becomes zero and that there is another region below that region (inside the via hole) where the MISES equivalent stress is large. From these results it is assumed that there is a stress gradient from the opening to the bottom of the via holes, and that atoms are transported from the bottom where the equivalent stress is large to the opening where it is small. This is presumed to be the cause of the siphoning phenomenon.
However, if the Cu films were annealed at high-pressure, the siphoning phenomenon was not observed. This may be due to the fact that a stress gradient does not occur at the via portion, since each axial stress becomes equal at high temperature and the MISES equivalent stress becomes small as shown in Fig. 6(b) . The applied external pressure also may work to physically prevent the occurrence of siphoning and to relax the stress at the same time.
Assuming that the siphoning phenomenon results from the SM, which is driven by the stress gradient, the siphoning phenomenon may occur during normal-pressure annealing if a residual stress gradient is present at the via portion, irrespective of the condition of each of the specimens. Therefore even for a specimen annealed at high pressure, siphoning may occur during normal-pressure re-heating. This phenomenon was actually experienced during experiments. This is illustrated in mum stress of the specimens heated under normal pressure is −467 MPa, while that measured for the specimens heated under high pressure is −601 MPa. These results indicate that an additional external stress of 150 MPa is applied through the via holes in the axial direction, i.e. the stress of 150 MPa applied during high-pressure annealing works to push the ECDCu films to the bottom of the via holes. Figure 5 shows cross-sectional secondary ion micrograph (SIM) images of ECD-Cu films embedded in via holes under the different conditions. In the case of the as-deposited specimens (directly after a film is deposited by sputtering), the Cu does not reach the bottom of via holes; only 60% of the Cu is embedded. By subjecting this specimen to high-pressure annealing under fixed conditions (at 623 K and 150 MPa for 900 s), the ECD-Cu films can be filled and embedded fully and completely to the bottom of the via holes. The polycrystalline structure in the field portion is different from that at the via holes, that is, the grain size in the via holes is smaller. It is considered that the Cu films are turned into an energy-stable polycrystalline structure because when the ECD-Cu films are squeezed onto the sides inside the via holes, the grain size in the region of the vias becomes smaller than that in the general 'field' positions. The (111) crystal orientation dominates, and there is no conspicuous difference in crystal orientation between the via holes and the fields.
In Table 1 , PVD-Cu films (Cu films deposited by sputtering) and ECD-Cu films (Cu films deposited by ECD) embedded by high-pressure annealing in via holes (0.28 µm in diameter and 2.4 µm in depth) are shown in relation to their process conditions and filling performance. In this evaluations, the aspect ratio of the via holes was very large so Cu was not completely filled to the bottom and the total Cu layer thickness was sufficient to bridge over the opening of the holes. As is apparent from this table, ECD-Cu films can be completely embedded if we use an appropriate combination of temperature and stress conditions, while PVD-Cu films can only be embedded under high-temperature, high-pressure conditions. This means that ECD-Cu films can be embedded easily and are superior to PVD-Cu films in terms of suitability for reflow operations. Although the reason for this is not yet clear, hydrogen is thought to be a dominant factor in the superior reflow characteristics of the ECD-Cu films. More specifically, ECD-Cu films generate hydrogen during the deposition Samples which have contact holes 0.28 µm in diameter and 2.4 µm in depth on the die electric layer were used. NG means "Not Good". Fig . 7 , which shows an as-deposited specimen in which imperfect filling into the via holes was experienced previously. The specimen was annealed at high pressure under fixed conditions and a Cu film could be successfully embedded in the via holes. The same specimen was then reheated at normal pressure and at the same temperature, and siphoning occurred from the bottom of via holes.
To estimate the stress in specimens annealed at high pressure, the stress relaxation behaviour was examined. Figure  8 shows the stress relaxation curve of as-deposited Cu films (specimens in sheet form) and Cu films (specimens in sheet pressure annealing is effective in preventing stress from relaxing, though siphoning may occur if high-pressure annealing conditions are used such that they induce relaxation of the stress, however. Based on the stress relaxation curves obtained from Cu films annealed at high pressure under various different conditions, the time constants relating to stress relaxation were calculated using the following equation:
where σ 0 is the remnant stress, σ i is the initial stress, σ is the stress at time t and τ is the relaxation time constant, respectively. Figure 9 shows the calculation procedure for working out the time constant. In Fig. 9 , the data in the graph on the left was used to create the graph on the right. The gradient in the linear portion shortly after relaxation begins was calculated using the least squares method, and the gradient was substituted into the above equation to calculate the time constants. Table 2 summarises the relationships between the highpressure annealing conditions and the stress relaxation time form) annealed at high pressure whilst keeping a constant temperature of 623 K. Abrupt stress relaxation was noted with the former soon after the test began, while almost no stress relaxation was noted with the latter. This indicates that high- constants. In high-pressure annealing, the temperature and pressure were maintained at 623 K and 150 MPa, respectively, and the processing time was changed. In the left-hand column of Table 2 , the temperatures that were maintained during the stress relaxation curve measurements are shown. The time constant: ∞ means that the stress in the Cu film does not relax. The enclosed region in Table 2 is where re-annealing was carried out at temperatures below the high-pressure annealing temperature. In this region, stress relaxation does not occur with the PVD-Cu films. With ECD-Cu films, however, stress relaxation only occurs after re-annealing at the same temperature if the processing time is 900 s. ECD-Cu films have high suitability for reflow operations and are softer than PVD-Cu films, as explained earlier. It is considered, therefore, that the stress relaxation inhibitory effect is weakened if the processing time for high-pressure annealing is kept short. It is concluded from all of these results that high-pressure annealing must be carried out for a duration of more than 1.8 ks at temperatures higher than the re-annealing temperature in order to prevent the siphoning phenomenon.
Poly-crystalline structure of Cu interconnections
Cu films are known to recrystalise when they are left at room temperature (self-annealing phenomenon). After a certain amount of time had elapsed following the deposition of the Cu films, the Cu films were examined using the X-ray diffraction method. No change in the crystal orientation or abnormal grain growth could be observed. After this fact was verified, those PVD-Cu films annealed at normal and high pressures were examined using the X-ray diffraction method. Figure 10 shows the X-ray diffraction patterns of the PVD-Cu films. No change in the crystal orientation or any abnormal growth of the grains could be found in any of the PVD-Cu films examined. In the PVD-Cu films annealed at high pressure, a tendency was noted whereby the higher the processing temperature rises, the higher the degree of Cu orientation (111) becomes.
To confirm the strongly (111) orientated texture, all of the PVD-Cu film samples (in the film state) were characterized by using the EBSP. Figure 11 shows the orientation of each crystal grain in the PVD-Cu films as observed using the EBSP (Figure 11 shows orientation image microscopy (OIM) inverse pole figure maps.). The crystal grains in the as-deposited Cu films are minute. There are many grains ori- ented in the (100) and (511) directions around the grains in the (111) orientation, as shown in blue. If the as-deposited Cu films are annealed at normal pressure, grain growth occurs. However, the ratio of the grains in the (111) orientation to those in the (100) orientation, remains the same, and many grains still exist in the (001) orientation. On the other hand, if the as-deposited Cu films are annealed at high pressure, although grain growth occurs, the ratio of grains in the (111) orientation to those in the (100) orientation increases, while the number of grains in the (001) orientation decreases. Figure 12 shows the (111) pole figures prepared by projecting parallel Cu (111) planes onto the surfaces of Cu film specimens in the vertical direction. All of the Cu films have strong (111) textures. In the case of the Cu films annealed at high pressure, all three remaining (111) planes, inclined by 70
• 32 from the (111) plane perpendicular to the surface of the film, and a normal line can be clearly observed. It can be verified, therefore, that those Cu films annealed at high pressure have the strongest (111) texture when compared with the others. Figure 13 shows the CSL-type (coincident site lattice-type) distribution obtained for the crystal grain boundaries of those specimens examined using the EBSP. The largest number of Σ3 boundaries exist in the as-deposited Cu films and in those Cu films annealed at normal pressure. It is reported that grains in the (111) and (511) orientations have twin relationships, and that their grain boundary is the Σ3 boundary. 14) This indicates that there are many twins formed around the grains in the (111) direction in Cu films. On the contrary, the Cu films annealed at high pressure have many Σ1 boundaries (low angle boundaries) and a very small number of Σ3 boundaries. It is apparent from this fact that twins are removed and grains in the (111) orientation are increasing in these Cu films. Figure 14 shows the adhesive strength between Cu and TaN films measured by the scratch test. In this figure, the vertical axis shows the load that causes the films to begin peeling off. The larger the value, the higher the degree of adhesion becomes. The degree of adhesion does not change between the as-deposited, normally-annealed and high pressure-annealed Cu films, as shown in Fig. 14. If they are reheated at normal pressure, their adhesive strength changes, as shown in Fig. 15 . If they are first annealed at normal pressure and then reheated, the degree of adhesion decreases to almost zero and the Cu film peels off the TaN film at the interface. On the other hand, if the Cu film is first annealed at high pressure and then reannealed, the degree of adhesion decreases more than when it Cu and Ta diffusion at the interface is small, but for the Cu films annealed at high pressure, the amount of Cu and Ta diffusion at the interface is large. It is intimated from this observation that the mutual diffusion between the Cu and Ta (the formation of a reaction zone) increased the physical strength of the interface and increased the adhesive strength.
Adhesion between Cu and TaN films
Assuming that the mutual diffusion between the Cu and Ta is a form of self-diffusion resulting from the migration of vacancies, the activation volume becomes positive during the migration of these vacancies. Therefore, the mutual diffusion between the Cu and Ta may be suppressed with increasing applied pressure. Because the experimental results are the reverse of this assumption, it is inferred that high-pressure annealing accelerates the diffusion of Cu and Ta, caused by a chemical reaction of Cu and Ta to form other compounds (formation of an amorphous zone).
The cross section of the Cu/TaN interface was also examined using the TEM to confirm the acceleration of the diffusion rate that we suspected was caused by high-pressure annealing. Figure 17 shows TEM photographs of each of the specimens. It can be seen in each photograph that there is an intermediate layer of a certain thickness at the Cu/TaN interface. As a result of analysing this intermediate layer, it was to the side of the Si wafer. In both the as-deposited Cu films and the Cu films annealed at normal pressure, the degree of is first annealed, though this decrease can be restrained considerably.
To clarify the cause of the improved adhesive strength when a Cu film is annealed at high pressure, the condition of the Cu/TaN interface was examined by using backside SIMS analysis. Figure 16 shows the depth profiles of each of the elements in the specimens. As is evident from this figure, the TaN films work as barrier layers, and the Cu does not diffuse found that the layer is amorphous, and that it contains both Cu and Ta. In the as-deposited Cu films and the Cu films annealed at normal pressure these intermediate layers are about 2 nm thick. In the Cu films annealed at high temperature, they are twice as thick, at about 4 nm. This fact substantiates the results of the depth profile measurements shown in Fig. 16 .
Elimination of micro-voids from Cu films
To verify whether pores can be removed from the Cu films by high-pressure annealing we prepared some Cu film specimens containing pores formed due to water-related factors, and the effectiveness of high-pressure annealing in removing the pores was examined.
A specimen in sheet form was prepared. Specifically, two Cu films with a thickness of 1 µm and one CuO film with a (2) Shrinkage and swelling of pores occurs reversibly, and the inside of the pores is not a vacuum but is filled with water vapour.
Conclusion
In the present study, the effects of high-pressure annealing on the dual damascene Cu interconnection technique were examined to verify the appropriateness of applying highpressure annealing to the LSI production process. We reviewed the results of our experiments and were able to verify that high-pressure annealing is effective in achieving the following criteria: (1) Perfect filling of Cu interconnections into via holes (2) Elimination of micro-voids from Cu interconnections (removal of pores from interconnections) (3) Improvement of Cu (111) oriented textures (4) Improvement of the adhesive strength of Cu interconnecthickness of 30 nm were deposited on a Si wafer such that the CuO film was sandwiched between the two Cu films. The specimen was continuously annealed at 773 K for 3.6 ks in a mixed atmosphere of 90%Ar and 10%H 2 gases. Swelling was observed over the entire surface of this specimen because there were pores included in it. Figure 18 shows crosssectional micrographs taken under the SIM. The pores can be observed in the middle of the Cu film. The specimen was also analysed using SIMS, and hydrogen was found in the vicinity of the pores. It is considered, therefore, that these pores were formed due to water-related factors. This specimen was then annealed at high pressure (at 723 K and 150 MPa for 7.2 ks) and the condition of the pores was checked. The number of pores did not change, but they became much smaller in size. This specimen was then reheated at normal pressure (at 723 K for 7.2 ks) and the pores became larger in size again.
After all of the above results were examined, based on a qualitative approach, the following points were clarified: (1) High-pressure annealing is effective to a certain extent in removing pores from Cu films. 
